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Abstract
Interocular transfer of the motion aftereffect (MAE) has been extensively investigated for the purpose of analysing the
binocularity of the underlying motion mechanism. Previous studies unanimously reported that the transfer of the classical static
MAE is partial, but there is a controversy as to whether the transfer of the flicker MAE (MAE measured using counterphase
gratings) is partial or perfect. To gain insight into the discrepancy between studies, we investigated whether the interocular transfer
of the flicker MAE is influenced by the MAE measurement method, retinal eccentricity and attention. Our results showed that the
transfer was perfect or nearly so when the MAE duration was measured in the central visual field with observers paying attention
to the adaptation stimulus, but the transfer was partial when the MAE nulling strength was measured, when the MAE duration
was measured in the peripheral visual field, or when the observers’ attention was distracted by a secondary task. These results not
only resolve discrepancies between previous studies, but also suggest that the flicker MAE reflects adaptation at multiple stages
in the hierarchical architecture of motion processing. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Prolonged viewing of a moving pattern gives rise to
adaptation of motion sensitive mechanisms that exist at
multiple loci in the visual system (e.g. Tootell, Reppas,
Kwong & Malach, 1995b). The result of adaptation is
experienced as a reduction of sensitivity to detect low-
contrast patterns that move in the adapting direction
(Sekuler & Ganz, 1963), or as the motion aftereffect
(MAE) in which physically static or directionally-am-
biguous patterns appear to move in the opposite direc-
tion (Wohlgemuth, 1911; Mather, Verstraten & Anstis,
1998). Diverse properties of these aftereffects have been
providing profound insights into the structure of the
visual motion system.
Static patterns are traditionally used for the test
stimulus of the MAE. This static MAE shows spatial-
frequency selectivity (Over, Broerse, Crassini & Love-
grove, 1973; Cameron, Baker & Boulton, 1992) and
adaptation temporal-frequency dependency (Pantle,
1974). The interocular transfer is partial; i.e. the static
MAE is weaker when the adaptation and test stimuli
are presented to different eyes than when they are
presented to the same eye (Wohlgemuth, 1911;
Moulden, 1980). It is strongly induced by adaptation to
first-order (luminance-based) motion, but not so by
adaptation to second-order motion (Derrington & Bad-
cock, 1985). These properties of the static MAE suggest
the existence of a half-monocular and half-binocular
motion mechanism that is sensitive to luminance mo-
tion of limited bands of spatiotemporal frequency.
On the other hand, the properties of the MAE mea-
sured using directionally-ambiguous counterphase grat-
ings (flicker MAE) are slightly different from those
found with the static MAE. The flicker MAE does not
show spatial-frequency selectivity (Ashida & Osaka,
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1994), and its magnitude depends on the speed rather
than the temporal frequency of the adaptation stimulus
(Ashida & Osaka, 1995). It is clearly induced by sec-
ond-order motion (McCarthy, 1993; Ledgeway, 1994;
Nishida & Sato, 1995), and its interocular transfer is
nearly perfect (Nishida, Ashida & Sato, 1994). These
properties of the flicker MAE suggest that the visual
system also involves a binocular motion mechanism
that is tuned to speed rather than spatiotemporal fre-
quency, and is non-specific to motion type.
These results, together with the data of direction-se-
lective threshold elevation (Nishida, Ledgeway & Ed-
wards, 1997b), led us to propose a model of visual
motion system shown in Fig. 1(a) (Ashida & Osaka,
1995; Nishida & Sato, 1995; Nishida et al., 1997b).
First-order motion signals are processed by a pathway
that contains motion detectors of multiple spatial
scales. Second-order motion signals are processed by
the other pathway, consisting of a nonlinear demodula-
tion process, followed by motion detection at multiple
scales. At the next stage, motion signals are integrated
across spatial scales and between the two pathways.
The basic architecture of the model has much in com-
mon with models proposed by other researchers (e.g.
Chubb & Sperling, 1988; Wilson, Ferrera & Yo, 1992;
Zhou & Baker, 1993; Lu & Sperling, 1995b; Simoncelli
& Heeger, 1998; Clifford & Vaina, 1999). The low-level
pathways are primarily monocular (Braddick, 1974; Lu
& Sperling, 1995b), though not exclusively (Shadlen &
Carney, 1986; Carney & Shadlen, 1993; Carney, 1997;
Derrington & Cox, 1998). On the other hand, the
high-level integrator is purely binocular. In this struc-
ture, we conjectured that the static MAE reflects the
adaptation of the motion detection stage of the first-or-
der pathway, and the flicker MAE reflects the adapta-
tion of the motion integration stage.
However, there remain some controversies with re-
gard to the difference between the static and flicker
MAEs. For instance, Bex, Verstraten and Mareschal
(1996) reported that the MAE measured using lumi-
nance gratings that counterphased at 0.25 Hz was
spatial-frequency selective. Although this report ap-
peared incompatible with that of Ashida and Osaka
(1995), it was later found that spatial-frequency selec-
tivity disappears only when the test temporal frequency
is 1 Hz or the higher (Mareschal, Ashida, Bex,
Verstraten & Nishida, 1997).
Another controversial issue is the magnitude of inte-
rocular transfer, and this is the main topic of the
present paper. Nishida et al. (1994) found that transfer
of the flicker MAE is nearly perfect regardless of the
type of adaptation stimuli. On the other hand, Steiner,
Blake and Rose (1994; see also, Blake & Hiris, 1993)
found the magnitude of interocular transfer, measured
using dynamic random dots that moved incoherently in
all directions, was significantly less than perfect (76%
on average) after adaptation to translational motion.
More recently, Hess, Demmanis and Bex (1997) re-
ported that the magnitude of interocular transfer of the
MAE measured using a counterphase grating was
about 60% both for normal observers and strabismic
Amblyopes.
One notable difference between Nishida et al. and
Steiner et al. is the measurement methods of the MAE.
The former study measured the MAE duration, while
the latter measured the amount of additional motion
signal needed to null the MAE. These two measures
might result in different magnitudes of interocular
transfer. Hess et al. measured the MAE duration as in
Nishida et al., but they used different stimulus arrange-
ments. Nishida et al. presented a single grating at the
central visual field, while Hess et al. presented two
gratings on both sides of the fixation. The retinal
eccentricity and the state of attention might influence
the magnitude of interocular transfer.
We examined whether the interocular transfer of the
flicker MAE was in fact influenced by the MAE mea-
suring method (Experiment 1), the retinal eccentricity
Fig. 1. The functional structure of the visual motion system and its
relationship to the two types of motion aftereffect (static and flicker
MAEs). (a) Our old model (Ashida & Osaka, 1995; Nishida & Sato,
1995; Nishida et al., 1997b). (b) A model revised to explain the results
reported here. The main difference is that the flicker MAE reflects
adaptation of the low-level motion detection stage in addition to
adaptation of the high-level integration stage.
S. Nishida, H. Ashida : Vision Research 40 (2000) 265–278 267
(Experiment 2) and the state of attention during adap-
tation (Experiments 3 and 4). The results suggested that
all of these factors did affect the magnitude of interocu-
lar transfer. That is, under the condition where the
MAE duration showed a perfect transfer, the MAE
nulling strength showed a partial transfer. When the
MAE duration was measured, the transfer was perfect
in the central visual field, but partial in the peripheral
visual fields. Even when the MAE duration was mea-
sured in the central visual field, the transfer was partial
when the observers could not pay attention to the
adaptation stimulus. These results resolve the dis-
crepancies between the previous studies with regard to
the magnitude of interocular transfer of the flicker
MAE.
At the same time, for the explanation of these new
results, we had to revise our view on the relationship
between the flicker MAE and the structure of the
motion system. The finding that the interocular transfer
of the flicker MAE can be partial implies the contribu-
tion of the monocular mechanism to this aftereffect.
Fig. 1(b) shows our revised model, whose basic struc-
ture remains the same as Fig. 1(a), except that the
flicker MAE reflects the adaptation not only at the
motion integration level, but also at the low-level mo-
tion detection stage. As will be discussed later, this
framework provides simple accounts for why the MAE
measurement method, the retinal eccentricity and the
state of attention affect the magnitude of interocular
transfer.
2. General methods
2.1. Stimulus and apparatus
Fig. 2 shows the stimulus configuration. Unless oth-
erwise stated, the adaptation and test stimuli were a
vertically-oriented sinusoidal grating of 1 c:deg, pre-
sented within a square window of 3.2° in vertical and
7.5° in horizontal. The adaptation grating drifted to the
left or right at a temporal frequency of 5 Hz (5 deg:s).
The test grating was static (0 Hz) or sinusoidally coun-
terphasing at 2 or 4 Hz. The mean luminance was 30
cd:m2, and the contrast was 60% for the adaptation
grating, and 30% for the test grating. The test contrast
lower than the adaptation contrast is known to enhance
both the static and flicker MAEs (Keck, Palella &
Pantle, 1976; Nishida, Ashida & Sato, 1997a). Above
and below the adaptation:test grating, static reference
gratings of the same size and spatial frequency were
presented in order to enhance the static MAE (Day &
Strelow, 1971). The gap between the adaptation:test
grating and a reference grating was 1°, so the centre-to-
centre separation was 4.2°. A red fixation cross was
located at the centre of the adaptation:test grating. The
Fig. 2. Schematic illustration of the stimulus configuration used in
Experiment 1. In Experiment 2, a fixation cross was added at the
centre of each reference stimulus. During adaptation in Experiments
3 and 4, the fixation cross was replaced by a square window in which
an alphanumeric sequence was presented. In addition, the adaptation
and test stimuli of Experiment 4 were a luminance-modulated grating
with static random-dots or a contrast-modulated grating of static
random dots.
background was a uniform field of 13.6° in vertical and
6.0° in horizontal, whose luminance was matched to the
mean luminance of the gratings.
Two stimulus patterns, each for the left or right eye,
were presented side by side on a monitor (Chuoumusen
CD-B2120 or NANAO FlexScan 56TS) that was placed
on a height-adjustable stand. The monitor was driven
by Cambridge Research Systems VSG 2:3 that pro-
vided 14-bit luminance resolution. The monitor had a
refresh rate of 100 Hz, and a spatial resolution of 32
pixel:deg. In a dimly lit room observers viewed the
monitor through a mirror haploscope with positioning
their head on a chin rest.
2.2. Procedures
2.2.1. The measurement of MAE duration
In each trial, the adaptation stimulus was presented
for 30 s, followed by a 30 s presentation of the test
stimulus. During the test periods the observers continu-
ously reported the perceived direction of the test stimu-
lus by pressing buttons. One button was assigned to the
leftward motion and the other to the rightward motion.
Neither button was pressed when the observer could
not decide on the motion direction. The sampling rate
of the button press was 100 Hz. The MAE duration
was estimated from the button-press duration for the
negative direction (i.e. the direction opposite to that of
the adaptation motion) subtracted by the duration for
the positive direction (Nishida & Sato, 1995).
For monocular presentation, the adaptation and test
stimuli were presented only to one eye. For interocular
presentation, the adaptation stimulus was presented to
one eye, and the test stimulus was presented to the
other eye. In both cases, the reference stimuli were
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monocularly presented together with the adaptation:test
stimulus. The fixation marker(s) and the background
field were binocularly presented.
In each block, eight trials were conducted in a random
order: two monocular conditions (left and right eyes)
and two interocular transfer conditions (left to right, and
right to left) two directions of adaptation. The inter-
trial interval was at least 1 min. At least two blocks were
conducted for each stimulus condition.
The magnitude of interocular transfer is defined as the
MAE duration obtained under the interocular condition
divided by the duration obtained under the monocular
condition. The value less than 100% indicates partial
interocular transfer, and the value of 100% indicates
perfect transfer.
2.2.2. The measurement of MAE nulling strength
A counterphase grating is a linear sum of two gratings
that have the same spatiotemporal frequency and con-
trast, but drift in opposite directions. The MAE seen in
a counterphase grating can be nulled by increasing the
contrast of one component that drifts opposite the MAE
direction relative to that of the other component (e.g.
Ledgeway, 1994). In measurement of the nulling contrast
ratio, each session consisted of a 30-s initial adaptation
followed by repetitive presentations of a 1-s test and a
10-s top-up adaptation. For each test, the observer was
required to judge the direction of the test (rightward or
leftward). According to the response, a staircase pro-
gram adaptively changed the contrast ratio of the test
stimulus with keeping the total contrast 30%. The final
step size was 1.04, and the geometric mean of the last
four of the six reversal points was computed as an
estimate of the nulling MAE strength. Two staircases,
one for the monocular condition (the test was presented
to the adapted eye), and the other for the interocular
condition (the test was presented to the other eye), were
randomly mixed within a session. Eight sessions were
conducted for each observer (two adaptation direc-
tions two adapted eyes two repetitions).
The magnitude of interocular transfer is defined as the
log contrast ratio obtained under the interocular condi-
tion divided by the log contrast ratio obtained under the
monocular condition.
3. Experiment 1: MAE duration versus nulling
The first experiment compared the magnitude of the
interocular transfer between the two measures of the
MAE strength; the MAE duration and the nulling
strength.
3.1. Method
The MAE duration and the nulling strength were
measured using procedures described in General Meth-
ods. In both cases, the observer fixated a cross pre-
sented at the centre of the adaptation:test stimulus. The
test stimulus was a grating that counterphased either at
2 or 4 Hz. Two authors participated in the experiment.
They were myopic with their acuity corrected by con-
tact lenses, and had no problem in perceiving depth
from random-dot stereograms (Julesz, 1971).
3.2. Results
Fig. 3 shows the results of the MAE duration (left),
and the results of the nulling strength (right). Symbols
and lines indicate the magnitude of the MAE, and bars
indicate the magnitude of interocular transfer.
The MAE duration showed little difference between
the monocular and interocular conditions for both ob-
servers, which resulted in transfer of about 100% (per-
fect transfer). This is consistent with the data reported
before (Nishida et al., 1994). An increase in the test
temporal frequency from 2 to 4 Hz reduced the MAE
duration, but had no effects on the magnitude of
transfer.
The nulling strength, in contrast, showed a marked
difference between the monocular and binocular condi-
tions, which resulted in transfer of 56–85% (partial
transfer). The increase of the test temporal frequency
raised the nulling contrast ratio for both observers, and
reduced the magnitude of transfer for the observer SN.
This observer also measured the nulling strength in the
upper and lower visual fields (4.2° from the fovea) using
a method similar to that used in Experiment 2. The
results again showed a partial transfer (54–67%), with
smaller effects of the test temporal frequency.
3.3. Discussion
The results of Experiment 1 suggest that the methods
to measure the MAE influence the magnitude of intero-
cular transfer of the flicker. That is, the transfer is
partial for the MAE nulling strength, while perfect for
the MAE duration. Although a number of procedural
differences made a quantitative comparison difficult,
the finding of a partial transfer by Steiner et al. (1994)
may be a result of using the nulling method.
The present finding suggests that at least two types of
motion mechanisms contribute to the flicker MAE; one
is half monocular and the other is purely binocular. In
terms of the model shown in Fig. 1, the flicker MAE
presumably reflects the adaptation not only at the
motion integration level, but also at the low-level mo-
tion detection stages (Fig. 1b). For the explanation of
perfect interocular transfer of the MAE duration, we-
hypothesised that the MAE due to the high-level mech-
anism persists as long as, or longer than, the MAE due
to the low-level mechanism (Fig. 4). If so, the effect of
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the low-level component on the MAE duration is con-
cealed by the effect of the high-level component. This is
not the case for the nulling MAE strength that is
measured immediately after the adaptation. The effect
of low-level component makes its transfer partial.
The interocular transfer of the coherent threshold
elevation (elevation of the detection threshold of coher-
ently moving signal-dots embedded in dynamic noise-
dots after adaptation to motion in the signal direction)
was reported to be nearly perfect (Raymond, 1993),
even for stereoanomalous observers (McColl &
Mitchell, 1998). Nevertheless, the procedure for the
measurement of the coherent threshold elevation was
quite similar to the nulling procedure used by Steiner et
al. (1994). The reason for this discrepancy is still under
investigation. It is worth noting however that very weak
or very brief adaptation stimuli can effectively elevate
the coherent threshold (Raymond & Isaak, 1998),
which suggests that the threshold elevation is not al-
ways a result of so-called adaptation of the underlying
mechanisms.
4. Experiment 2: central versus peripheral viewing
Hess et al. (1997) found partial interocular transfer
even for the MAE duration. One possible reason is that
they presented the adaptation and test stimuli in pe-
ripheral visual fields. The second experiment examined
the effect of retinal eccentricity.
4.1. Methods
The MAE duration was measured at three retinal
eccentricities. We presented three fixation crosses, each
at the centre of reference or adaptation:test stimuli, and
asked the observer to gaze at one of them. When the
observer fixated the upper (lower) fixation cross, the
adaptation:test stimulus was presented in a 4.2° lower
(upper) visual field. The height of the monitor stand
was adjusted so as to bring the fixation cross at the
height of observer’s eyes. The temporal frequency of
the counterphasing test was 2 or 4 Hz (except for
observer MT). For comparison, the effects of retinal
eccentricity was also measured for a static test grating.
The two authors and a naı¨ve observer (MT) partici-
pated in this experiment.
4.2. Results
Fig. 5 shows the results. For the flicker test stimuli,
there was a significant effect of the retinal eccentricity
Fig. 3. The results of Experiment 1. The magnitudes of monocular MAE (	), interocular MAE () and their ratio (interocular transfer; grey
bars) measured by the MAE duration (left) and by the MAE nulling strength (right). While the MAE duration showed perfect transfer (	 and
 overlap each other, and grey bars reach the dotted line), the nulling strength showed partial transfer (	 are above , and grey bars are below
the dotted line). The adaptation stimulus was a luminance-modulated grating that drifted at 5 Hz. The test stimulus was a luminance-modulated
grating that counterphased at 2 or 4 Hz. The adaptation:test stimuli were presented in the central visual filed, except for the data shown in right
two smaller panels (4.2° upper or lower visual field, respectively). The results of two observers (HA, SN) are shown, though peripheral data are
for SN only. Error bars show 91 SE.
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Fig. 4. A possible account of the effect of the MAE measurement
method on the interocular transfer of the flicker MAE (Experiment 1,
Fig. 3) given both the low- and high-level stages of motion processing
contribute to the flicker MAE (Fig. 1b). When the MAE nulling
strength is measured immediately after the adaptation offset, as a
result of the adaptation of half monocular low-level mechanism, it is
stronger under the monocular condition (left adapt:left test) than
under the interocular condition (left adapt:right test). However, such
a difference is not found for the MAE duration, since it reflects the
decay time of the aftereffect at high-level binocular mechanism that
persists longer than, or as long as, the aftereffect at the low-level
mechanism.
The dominance of the high-level mechanism in the
central visual field may be a result of the mapping
pattern of the retinal input to the high-level mechanism.
The effects of attention, addressed in the next experi-
ment, may also play some role. Another possible factor
is a visibility reduction of the adaptation stimulus due
to binocular rivalry, which is more likely to occur when
the observers do not gaze at the adaptation stimulus. It
is suggested that binocular rivalry influences the high-
level motion mechanism more strongly than the low-
level mechanism (Lehmkuhle & Fox, 1975; Alais &
Blake, 1998).
5. Experiment 3: attentional modulation (I)
Given the observers generally paid attention to the
stimulus on which they fixated, the results of Experi-
ment 2 suggest that the magnitude of interocular trans-
fer may be affected by the observers’ attentional state.
It is reported that the magnitude of the static MAE was
significantly reduced when the observer had to perform
an attention-distracting task during adaptation (Chaud-
huri, 1990). Using the same paradigm, the third experi-
ment examined whether the manipulation of the
attention affects the magnitude of interocular transfer
of the MAE.
5.1. Methods
The attentional state during adaptation was manipu-
lated by asking observers to perform a secondary task
(Chaudhuri, 1990). Instead of showing a fixation cross,
a single red letter was presented within a uniform
square (0.560.56°) located at the centre of the adap-
tation stimulus. The letter was an uppercase alphabet
(A–Z except I, O, S) or a digit (2–9), which rapidly
changed at every 250 ms. The observers were instructed
to fixate on the letter sequence, and to press a button
immediately after the appearance of any digit. Digits
appeared with probability 0.125. They did not appear
however for 2 s at the beginning and for 2 s at the end
of adaptation to avoid possible confusion of different
types of button presses. In the control condition, the
observer was instructed to pay attention to the grating
motion while keeping fixation on the letter sequence,
which consisted of letters alone. After adaptation, the
duration of MAE was measured for the test stimulus
that counterphased at 2 Hz. A fixation cross was pre-
sented at the centre of the test. For comparison, a static
test grating was also used. The two authors and two
naı¨ve observers participated. For one observer (IM)
who reported occasional fading of the adaptation:test
stimulus due to a strong binocular rivalry, a dark field
was presented to the opposite eye.
on the magnitude of interocular transfer. That is, while
the transfer was perfect in the central visual field, it was
partial either in the upper or lower visual field. This
tendency was found both at 2 and 4 Hz, and for all the
observers we used (though less obvious for MT). For
the static MAE, on the other hand, the transfer was
partial both in the central and peripheral visual fields.
4.3. Discussion
These results indicate that the interocular transfer is
partial in the peripheral visual field even when the
MAE duration is measured for counterphase tests. Fail-
ure to find perfect transfer by Hess et al. (1997) could
be ascribed to the effect of retinal eccentricity.
In terms of the model shown in Fig. 1(b), the effect
of retinal eccentricity can be accounted for if the high-
level mechanism primarily operates in the central visual
field, whereas the low-level mechanism effectively oper-
ates in the periphery. It is unlikely that the low-level
mechanism does not operate in the central visual field,
but the MAE arising from this mechanism is pre-
sumably concealed by the high-level component as long
as the MAE duration is measured.
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5.2. Results
Fig. 6 shows the results. For the flicker MAE, the
concurrent task did not affect the monocular MAE, but
greatly reduced the interocular MAE. While the magni-
tude of interocular transfer was close to 100% under the
without-task condition (85–99%), it was only 23–53%
under the with-task condition. That is, the interocular
transfer of the flicker MAE became partial when the
observers’ attention was distracted from the adaptation
stimulus. The small reduction of the transfer of the
without-task condition in comparison to the data of
Experiments 1 and 2 obtained with the same measure-
ment method and at the same retinal location could be
due to an involuntary attentional capture by the rapidly
changing letter sequence.
For the static MAE, on the other hand, the task had
no systematic effect on the magnitude of the interocular
transfer. It was partial in all of the conditions. Al-
though the task occasionally reduced the magnitude of
MAE, the effect was much smaller than for the interoc-
ular component of the flicker MAE.
5.3. Discussion
In addition to the peripheral presentation, Hess et al.
(1997) used two gratings moving in the opposite direc-
tions. Their observers had to pay attention to the two
stimuli. This may be another factor that reduced the
magnitude of interocular transfer in their study.
The results of flicker MAE can be accounted for if
the attentional modulation is much stronger for the
high-level binocular mechanism than for the low-level
monocular mechanisms (Fig. 7). Then, it is expected
that the attention-distracting task significantly reduces
the binocular component of flicker MAE, while affect-
ing the monocular component only slightly. The negli-
gible effect of the task on the monocular MAE can be
explained if attentional states had little influence on the
low-level component, and the low- and high-level com-
ponents had a similar decay time. One may point out
that the attentional task might introduce a change in
the pattern of involuntary tracking eye movements, but
even if so, this factor is unable to explain why atten-
tional manipulation differently affects monocular and
interocular MAEs.
On the other hand, the static MAE always showed
partial transfer regardless of the retinal eccentricity and
the attentional state. These results support the no-
tionthat the static MAE primarily reflects adaptation
occurring at the low-level (first-order) motion detection
Fig. 5. The results of Experiment 2. The duration of monocular and interocular MAEs and their ratio (interocular transfer) measured in the
central visual field (CVF), 4.2° lower visual field (LVF), and 4.2° upper visual filed (UVF). For static test (left), there is no systematic effect of
the retinal eccentricity. For flicker test that counterphased at 2 Hz (centre) or 4 Hz (right), the interocular transfer was perfect in the central visual
field, while partial in the periphery. The results of three observers (HA, SN, MT) are shown, though 4 Hz data are for HA and SN only. Error
bars show 91 SE.
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Fig. 6. The results of Experiment 3. The duration of monocular and interocular MAEs and their ratio (interocular transfer) measured with or
without the attention-distracting task. The adaptation:test stimuli were luminance-modulated gratings presented in the central visual field. For the
static test (left), the task had no systematic effect on the interocular transfer. For the flicker test (2 Hz), the interocular transfer was perfect or
nearly so without the task, while it was partial with the task, as a result of selective attentional modulation of the interocular MAE. The results
of four observers (HA, SN, IM and KT) are shown. Error bars show 91 SE.
stage. The effect of attention on the magnitude of the
static MAE was very weak. This result also suggests
that the attentional states had little influence on the
low-level motion mechanisms under the condition we
used.
We do not intend to propose that the low-level
mechanisms are generally free from attentional control.
Chaudhuri (1990) showed a clear attentional modula-
tion as large as 30% for static MAEs. In addition, as
described below, the results of Experiment 4 can be
interpreted to imply attentional modulation of the
monocular component of the flicker MAE. The impor-
tant point however is that even under a condition where
the monocular component of the flicker MAE, and the
static MAE showed almost no attentional modulation,
the interocular component of the flicker MAE did show
strong attentional modulation. This implies that the
high-level mechanism is much more susceptible to at-
tentional modulation than the low-level mechanisms.
We propose that the adaptation at the low-level
motion system in addition to the high-level mechanism
contributes to the flicker MAE (Fig. 1b). Note however
that low-level motion system includes two subsystems;
first-order mechanism, and second-order mechanism.
Although Experiments 1–3 indicated the contribution
of the low-level first-order mechanism to the flicker
MAE, contribution of the second-order mechanism re-
mains to be explored.
6. Experiment 4: attentional modulation (II)
Experiment 3 showed that the interocular transfer of
the flicker MAE was strongly affected by the atten-
tional state of the observers when first-order stimuli
were used for both adaptation and test stimuli. Experi-
ment 4 examined whether similar effects were obtained
for second-order stimuli.
We conjecture that first-order motion and second-or-
der motion are processed nearly independently in a
similar fashion at the lower monocular level, and inte-
grated at the higher binocular level (Fig. 1). Second-or-
der motion is known to induce the flicker MAE
(McCarthy, 1993; Ledgeway, 1994), and there are two
possible interpretations of this phenomenon. It may be
due to adaptation of (i) both the low-level second-order
sensors and the high-level integrator; or (ii) the high-
level integrator only. If the former is the case, the
attentional manipulation will change the interocular
transfer for second-order motion just as we found for
first-order motion. If the latter is the case, the atten-
tional manipulation will not affect the interocular
transfer, though it may change the absolute magnitude
of the MAE. We also examined the effects of attention
under cross adaptation conditions; i.e. when the adap-
tation was first-order and the test was second-order,
and vice versa.
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6.1. Methods
Second-order stimulus was a drifting contrast modu-
lation (CM) of static binary random dots. The modula-
tion was a 1 cpd sinewave, and the modulation depth
was 100%. Each dot subtended 22 pixels (3.753.75
min). The stimulus had uniform luminance within each
dot in order to be drift-balanced (Chubb & Sperling,
1988). The mean contrast of the dots (carrier contrast)
was 50%. The equiluminance was obtained through
photometric measurements at various dot contrasts.
Although it is suggested that CM stimuli with static
carrier might involve first-order artefacts (Smith &
Ledgeway, 1997), the results of direction-selective
threshold elevation (Nishida et al., 1997b) suggest that
the effect, if any, is negligible. First-order stimulus was
a luminance-modulated (LM) grating presented with
uniform static random dots of 50% contrast. The con-
trast of the adaptation stimulus (5 Hz drifting grating)
was 3.5% (HA) or 3.2% (SN), and that of the test (2 Hz
counterphase grating) was 9.6% (HA) or 5.4% (SN).
These contrast values were determined so as to equate
the contrasts (modulation depths) between the first- and
second-order stimuli in relation to their own direction
discrimination thresholds. The procedure was basically
the same as Experiment 3. Eight conditions were con-
ducted in separate blocks; four stimulus types (LM
adapt:LM test, CM:CM, LM:CM and CM:LM) and
two attentional conditions (with or without task). The
observers were the authors.
6.2. Results
Fig. 8 shows the results. Similar results were obtained
when the adaptation and test stimuli were both first-or-
der (LM:LM) and when they were both second-order
(CM:CM). The attention-distracting task modulated
the interocular MAE more strongly than the monocular
MAE, thus reducing the magnitude of interocular
transfer. Although this tendency was consistent with
the results of Experiment 3, the task reduced not only
the interocular MAE, but also the monocular MAE.
For cross adaptation conditions (LM:CM, CM:LM),
the task reduced the monocular and interocular MAEs
to nearly the same extent. Although the computed
interocular transfer appears to be affected by the task,
this is mainly due to small magnitudes of the MAE.
There were no significant differences between the
monocular and interocular MAEs either with or with-
out the secondary task.
6.3. Discussion
The finding that the secondary task reduced the
magnitude of interocular transfer for second-order
stimuli (CM:CM), as well as for first-order stimuli
(LM:LM), suggests that the low-level motion sensors
both in the first- and second-order pathways contribute
to the flicker MAE.
In terms of our model, the cross adaptation is ex-
pected to occur primarily at the high-level integration
stage under both the monocular and interocular condi-
tions. Therefore, the model predicts that when the
activity of the high-level mechanism is attenuated by
the secondary task, the magnitude of MAE will be
reduced for both the monocular and interocular condi-
tions, and the interocular transfer will be always per-
fect. The obtained results are almost in line with this
prediction.
The finding that the attentional modulation was ob-
tained even for the monocular MAE under the LM:LM
and CM:CM conditions can be accounted for if atten-
tion modulated the low-level motion sensors in addition
to the high-level mechanism (Chaudhuri, 1990). An-
other possibility is that the activity of the high-level
Fig. 7. A possible account of the effect of attention-distracting task
(Experiment 3, Fig. 6) on the interocular transfer of the flicker MAE.
The basic assumptions are: two components of the MAE, one arising
from adaptation of the low-level mechanism, and the other from
adaptation of the high-level mechanism; the MAE duration reflects
one of the components that persists longer; and selective attentional
modulation for the high-level mechanism. Lack of attentional modu-
lation for the monocular MAE can be accounted for if the MAE
duration is the same for the low- and high-level components when
measured without the task.
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Fig. 8. The results of Experiment 4. The duration of monocular and interocular MAEs and their ratio (interocular transfer) measured with or
without the attention-distracting task. The adaptation and test stimuli were both luminance-modulated gratings with static random dots
(LM:LM), both contrast-modulated gratings of static random dots (CM:CM), the adaptation was LM and the test was CM (LM:CM), or vice
versa (CM:LM). The stimuli were presented in the central visual field, and the test was a counterphase (2 Hz) LM or CM grating. For LM:LM
or CM:CM, the interocular transfer was perfect or nearly so without the task, while partial with the task, as a result of stronger attentional
modulation for the interocular MAE than for the monocular MAE. For LM:CM or CM:LM, the task reduced the monocular and interocular
MAE to nearly the same extent. The results of two observers (HA, SN) are shown. Error bars show 91 SE.
mechanism was enhanced when the subject attended to
the adaptation stimulus (Fig. 9). In either case, we have
to explain why the effect of attention was more pro-
nounced in Experiment 4 than in Experiment 3. We
suspect that lower visibility of the stimuli in Experiment
4 might increase the influence of top-down processes
relative to that of bottom-up inputs. A possible rela-
tionship between stimulus visibility and attentional
modulation is a topic of future research.
7. General discussion
The present results revealed that the interocular
transfer of the flicker MAE is affected by the MAE
measurement method, retinal eccentricity and the atten-
tional state during adaptation. Perfect transfer is ob-
tained only when the MAE duration was measured for
stimuli presented in the central visual field with the
observers paying attention to the adaptation stimulus.
These conditions were not met in Steiner et al. (1994) or
in Hess et al. (1997). Besides the factors we examined,
other factors such as the test temporal frequency may
have also affected their results.
The results of Experiment 1 demonstrated that differ-
ent patterns of the results can be obtained with differ-
ent measures of the MAE strength; i.e. the MAE
duration and the nulling strength. Previous studies have
discussed pros and cons of each method (e.g. Wade,
1994), but to our knowledge, it has not been generally
recognised that different measurement methods can
lead to different conclusions such as partial vs. perfect
interocular transfer. The two methods can tell us about
different aspects of the phenomenon; thus there is not
much point in discussing which method is superior to
the other. Similarly, the results of Experiments 2–4
demonstrate that qualitatively different MAEs can be
obtained just by changing retinal eccentricity and:or
manipulating the state of attention. One has to be more
cautious about the possible effects of these factors when
evaluating the properties of the MAEs, especially those
obtained with dynamic tests.
The present results suggest that the flicker MAE is
composed of low- and high-level components. The low-
level component is half monocular, predominates in the
periphery, is immune to attentional modulation, and is
selective to stimulus type (first-:second-order). The
high-level component is purely binocular, predominates
in the central visual field, is affected by attention, and is
non-selective to stimulus type. It is likely that the
low-level component reflects adaptation of the low-level
stage of motion processing (which is half monocular
and where first and second-order motions are sepa-
rately processed), whereas the high-level component
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reflects adaptation of the high-level stage of motion
processing (which is purely binocular and where first
and second-order motions are integrated) (Fig. 1b). The
low-level mechanism responds to moving stimuli re-
gardless of the retinal eccentricity and the state of
attention, while the high-level mechanism primarily re-
sponds to stimuli in the central visual field and:or to
the stimuli to which observers pay attention.
There are similarities between the static MAE and
the low-level component of the flicker MAE, such as
partial interocular transfer and small effects of atten-
tion. This is presumably because they share a common
underlying mechanism; i.e. low-level first-order mecha-
nism. It is likely that properties of the flicker MAE
distinct from those of the static MAE are due to the
contribution of the high-level mechanism, except for the
effect of second-order adaptation. The results of Exper-
iment 4, as well as those of threshold elevation
(Turano, 1991; Nishida et al., 1997b), suggest that the
low-level second-order mechanism is adaptable. The
reason why such adaptation does not induce MAE with
static tests is a topic of future research, but an intrigu-
ing possibility is that illusory second-order motion sig-
nals cannot override the static first-order signals in the
test pattern (Smith, 1994b).
In addition to the first-order and second-order mo-
tion sensors, several studies (Anstis, 1980; Georgeson &
Shackleton, 1989; Cavanagh, 1992; Smith, 1994a; Lu &
Sperling, 1995a,b) suggested the existence of a third
motion detection system, which is called feature-track-
ing or the third-order mechanism, and occasionally
associated with the long-range process (Braddick,
1974). This mechanism detects movements of salient
features, which potentially includes many sorts of first-
and second-order movements, and also the movements
invisible to the first- and second-order sensors such as
inter-attribute apparent motion (Cavanagh, Arguin &
von Gru¨nau, 1989; Lu & Sperling, 1995a). This mecha-
nism is also suggested to be binocular, and under
strong control of attention (Cavanagh, 1992; Lu &
Sperling, 1995b; Ho, 1998). Given the existence of such
a mechanism, one may suspect that the high-level com-
ponent of the flicker MAE might be the result of
adaptation of the feature tracking mechanism. In effect,
after attentive tracking of one direction of movement
for a directionally-ambiguous stimulus (counterphase
grating), the flicker MAE is seen in the direction oppo-
site to the tracked direction (Culham & Cavanagh,
1994) (see also Lankheet & Verstraten, 1995). This
result might imply that the flicker MAE can be pro-
duced by adaptation of the feature tracking mechanism,
although this notion is not always supported (Smith &
Ledgeway, 1994).
We cannot reject the feature tracking system as a
possible underlying mechanism of the high-level com-
ponent of the flicker MAE. However, some properties
of the flicker MAE cannot be accounted for without the
notion of the high-level mechanism that integrates in-
puts from first-order and second-order pathways. First,
it is suggested that the feature tracking mechanism fails
to detect rapid movements; the sensitivity steeply de-
creases beyond 4 Hz (Lu & Sperling, 1995b). However,
the temporal frequency of the adaptation stimulus we
used (5 Hz) was slightly above the limit of 4 Hz.
Furthermore, interocular transfer of the flicker MAE
was perfect even for a luminance grating that drifted at
8 Hz (Nishida et al., 1994). Second, if the high-level and
low-level components of the flicker MAE are mediated
by two independent mechanisms, rather than those
linked directly, it is hard to see why the attention-dis-
tracting task had little influence on the monocular
MAE in Experiment 3. The result suggests that the
low-level MAE duration was nearly the same as the
high-level MAE duration when the observers attended
to the adaptation stimulus. Finally, the effects of con-
trast on the duration of MAE are quite similar between
the static and flicker MAEs even under the condition
where the high-level component predominates for the
flicker MAE (Nishida et al., 1997a). We therefore con-
clude that the high-level component of the flicker MAE
reflects either adaptation of the high-level integration
stage alone, or adaptation of both the integration stage
and the feature tracking mechanism.
However, it is unlikely that the motion integration
stage and the feature tracking system are totally inde-
pendent. The motion integration stage may receive the
output of the feature tracking system, and combine it
Fig. 9. Two possible accounts of the effect of attention-distracting
task on the interocular transfer of the flicker MAE under LM:LM
and CM:CM conditions of Fig. 6. (a) Attention modulates the
low-level motion sensors in addition to the high-level mechanism. (b)
Attention enhances the activity of high-level mechanism. In either
case, attention modulates the monocular MAE as well as the interoc-
ular MAE.
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with the outputs of the first-order and second-order
pathways. Alternatively, these two high-level mecha-
nisms may be tightly linked, constituting a single high-
level motion system. With regard to the latter view, we
are interested in whether the feature tracking system
can perceive movements without any low-level motion
signals. Some motion stimuli are believed to be detected
only by the feature tracking system (Cavanagh, 1992;
Lu & Sperling, 1995b). However, this does not mean
that such stimuli elicit no responses at all in the low-
level sensors. They can activate the sensors, but the
resulting motion signals are balanced in all directions.
Then, it is possible to argue that the feature tracking
system may select and modulate the bottom-up motion
signals consistent with the temporal change of patterns
and:or regions of salience, rather than generating new
motion signals by itself. If so, the role of the feature
tracking system is quite similar to that of the motion
integration stage, a function of which is to select the
bottom-up signals based on the current state of
attention.
Possible sites of the neural correlates of motion pro-
cessing stages are V1 for the low-level first-order mech-
anism, V2 or V3 for low-level second-order mechanism,
and MT:V5 for the high-level integration mechanism
(Wilson et al., 1992; Albright, 1993; Zhou & Baker,
1993; Simoncelli & Heeger, 1998; Smith, Greenlee,
Singh, Kraemer & Hennig, 1998). One reason why the
flicker MAE reflects the multiple levels, while the static
MAE reflects the low-level only, might be that dynamic
stimuli can effectively activate both the V1 and the
MT:V5 neurones, while static stimuli are largely ig-
nored by the MT:V5 neurones (Raymond, 1993). (An-
other reason might be that the direction ambiguity of
the test stimuli plays an important role in revealing the
high-level MAE). MT:V5 was activated even for static
stimuli when the subjects perceived the static MAE
(Tootell, Reppas, Dale & Look, 1995a; Culham,
Dukelow, Vilis, Hassard, Gati, Menon et al., 1999), but
we suspect this activation is just the response to the
illusory motion signals generated at the earlier level. In
addition, MT:V5 is susceptible to top-down attentional
influence (Treue & Maunsell, 1996), consistent with our
results. It is reported however that attentive tracking
did not enhance MT:V5 as strongly as other (parietal
and frontal) regions (Culham, Brandt, Cavanagh, Kan-
wisher, Dale & Tootell, 1998a). The neural correlates of
the high-level integrating mechanism may include many
high-level cortical areas.
Finally, how attention influences different levels of
visual processing is a topic that attracts wide interests
in recent vision research (see e.g. Lee, Koch & Braun,
1997; Culham, Nishida, Ledgeway, Cavanagh, von
Gru¨nau, Kwas et al., 1998b; Lu & Dosher, 1998). The
results of Experiments 3 and 4 demonstrate that the
interocular transfer of aftereffects in combination with
the attention control provides a promising paradigm to
address this issue. Although the present results did not
reject the notion that the attention can modulate the
activity of very early levels of visual motion processing
(Chaudhuri, 1990), they provide strong evidence that
the high-level binocular mechanism is much more liable
to attentional control than the low-level monocular
mechanism.
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